Study Design. A prospective cohort study. Objective. The aim of this study was to compare the somatosensory-evoked potential (SEP) findings of adolescent idiopathic scoliosis (AIS) subjects of different curve severity with age-and gender-matched controls and to evaluate any correlation between the site of the SEP abnormality with cerebellar tonsillar level measured by magnetic resonance imaging (MRI). Summary of Background Data. Our previous studies showed that a higher percentage of SEP abnormality and cerebellar tonsillar ectopia was present in AIS patients than in normal controls. However, the relationship between the anatomical site of the neurophysiological abnormality and the severity in AIS patients has not been defined. Methods. SEP measurement was conducted on 91 Chinese AIS girls with major right thoracic curve of different curve severity (mild, moderate, severe) and 49 matched normal controls. Waveform characteristics (latency and amplitude) were compared among groups. Specific location of SEP abnormality was identified from tibial to cortical levels. Cerebellar tonsillar ectopia was defined by the previously established reference line between basion and opisthion on MRI. Results. Significant prolonged P37 latency was found on the right side between severe AIS patients and normal controls, while increased inter-side P37 latency difference was found between severe versus moderate, and severe versus normal controls. Cerebellar tonsillar ectopia was detected in 27.3% of severe group, 5.8% to 6.7% in mild and moderate group, but none in normal controls. Abnormal SEP occurred superior to C5 region in all surgical (severe) patients, of whom 58% had cerebellar tonsillar ectopia. Conclusion. AIS patients showed significant prolonged latency and increased latency difference on the side of major curvature. The incidence of SEP abnormality increased with curve severity and occurred above the C5 level. The findings suggested that there was a subgroup of progressive AIS with subclinical neurophysiological dysfunction, associated with underlying neuromorphological abnormalities, which were only detectable by SEP and MRI.
environmental factors and manifested phenotypically as scoliosis. The reported concepts, observations, and hypothesis of etiopathogenesis of AIS can be grouped into 6 major categories: genetic, environmental, abnormal skeletal growth, hormone and metabolic, neuromorphological and neurophysiological, and biomechanical factors. 1, 2 Neuromorphological abnormalities have been reported not infrequently, which include cerebellar tonsillar ectopia, abnormal cerebrospinal fluid flow dynamics, structural abnormality in the mid-brain, hindbrain, cerebellum, vestibular system, and others. Subclinical neurophysiological dysfunctions reported involve ocular instability, visual and proprioceptive functions, oculo-vestibular function, postural control, dynamic gait balance, and abnormal somatosensory-evoked potential (SEP). SEP is often referred as ''measurable neurological factor'' in neurophysiologic function, and its abnormality plays a very important role in affecting body postural and dynamic gait balance. 3 SEP examination is a standard test to evaluate the neurophysiological status in patients with AIS mostly for intraoperative monitoring.
There are a few reports on the use of SEP as one of the neurophysiological assessments in studying the etiopathogenesis of AIS. Hausmann et al 4 carried out an investigation on the use of SEP in combination with magnetic resonance imaging (MRI) to rule out any underlying intradural pathology. The conclusion suggested that pre-operative SEP assessment should be a mandatory procedure to provide baseline neurological information for intraoperative monitoring, which also allows comparisons with postoperative condition. 4 Shen et al 5 also supported the use of the information from pre-operative SEP assessment as reference baseline to compare with intraoperative SEP monitoring.
Our previous study has shown subclinical SEP abnormality in around 11.6% of the AIS patients, which could represent a subgroup of AIS with specific prognostic implication. 6 We also found a strong link between low set cerebellar tonsillar ectopia and abnormal SEP using our redefined MRI standard for adolescents. [6] [7] [8] The association between abnormal SEP at the dorsal region of spinal cord and development of scoliosis in rapidly growing adolescents and children has been reported in a number of studies. [9] [10] [11] [12] Other studies have also found an association of abnormal postural balance and dynamic gait balance in AIS with abnormal SEP. 13, 14 These observations might be partially explained by the relative anterior spine overgrowth coupling with relative shortening and subclinical tethering of the spinal cord in AIS. [15] [16] [17] [18] [19] [20] There is limited information on SEP on milder scoliotic patients (Cobb's angle 10-39 degrees) in contrast to the majority data for the operated group with severe deformities. We speculate that there are differences in neurophysiological status in terms of amplitude and latency differences in SEP waveforms between scoliotic curves of different severity, and the SEP abnormality could increase with curve severity. The objectives of this study are to compare the SEP findings of AIS subjects with different curve severity versus age-and gender-matched controls and to evaluate the correlation of the site/level of the abnormality in the somatosensory pathway with cerebellar tonsillar level measured by MRI.
MATERIALS AND METHODS
This is a prospective cohort study of 91 Chinese AIS girls of different curve severity recruited from a scoliosis clinic at a referral center and 49 age-matched normal control girls from a subject recruitment campaign in schools. All subjects showed no clinically detectable neurologic deficit, nor had history of trauma or surgery to the brain, spine, or lower extremities. The diagnosis of AIS was confirmed clinically and radiologically. Exclusion criteria recruiting normal controls included the following: (1) subjects with any spinal deformity or any well-known clinical manifestations of Chiari I malformations; and (2) scoliosis, headache, loss of temperature sensations, diploma, dysphagia, tinnitus, vomiting, and dysarthria. Ethical approval was obtained from the ethics review board of the joint NTEC/CUHK joint-institutional ethics committee.
Demographic, anthropometric, and clinical information were obtained, including age, body height and body weight, curve pattern (thoracic and/or lumbar), and maximum Cobb angle. SEP assessments and level of cerebellar tonsil by measured MRI were also recorded.
Somatosensory-Evoked Potential Measurement
Posterior tibial nerve SEP assessment was performed on all recruited subjects, including severe cases undergoing surgery as part of the pre-operative assessment. Nicolet Viking IV system (Nicolet Biomedical [aka Viasys Neurocare; Cardinal Health]) was used for nerve stimulation and recording of evoked potentials. Electrical squared sinewaved signals at a rate 5.1 Hz were delivered by surface stimulators at the tip of tibialis anterior. Signals were picked up by electrodes placed at Fpz at Cz following the 10-10 and 10-20 positions (cortical evoked potential, Figure 1) , and C5 region (subcortical-evoked potential, Figure 1 ) at cervical region. Noninvasive electrode plates or disposal electrodes were used at pre-operative measurement, and epidural screw electrodes were used at Fpz and Cz, and epidural needle electrode at C5 region for the rigorous environment during spinal curvature surgical correction. The 3 signal pick-up sites were applied at both pre-operative and intraoperative time points.
All assessments were performed by a well-trained and experienced neurodiagnostic technologist. Patients were requested to sit next to the machine, and trained to stay calm to minimize the signal-to-noise ratio, that is, with their eyes closed and in deep breathing. Sites of placing electrodes were cleaned by alcohol in order to increase the conductivity. Stimulation started and increased until twitching movement at the foot was observed or reached the threshold of stimulation that individual patient could tolerate. Averaging of waveforms was started automatically, and the best averaged waveforms were chosen and saved ( Figure 2A ) for amplitude and latency measurements. Another set of waveforms on the same side was averaged and recorded again to increase the accuracy (repeated measurements). Amplitudes and latencies of P37 (arises from primary sensory cortex) and N45 (generated in association cortex), as well as the absolute amplitudes on left and right sides were recorded. P37 and N45 were chosen because such time-components of the P37-N45 inter-peak latencies had smaller variance and therefore greater clinical utility than the absolute latencies of scalp potentials. 21 Both P37 and N45 were greatest in amplitude at the vertex and at recording sites ipsilateral to the side of stimulation. Criteria of pathological changes were summarized as follows: (1) absent SEP waveform; (2) prolonged latencies (i.e., unilateral latency or bilateral latencies), longer than 2.5 standard deviation (SD) over the mean value calculated from normal control after normalization with the body height; and (3) asymmetrical latencies, that is, inter-side (left vs. right) difference of latency more than the mean AE 2.5 SD of normal control. 7, 14, 22 Electrode settings during surgery for the severe cases were consistent with the pre-operative electrode settings, apart from using subdermal electrodes to firmly attach the electrodes at positions. Electrodes were attached at Fpz, Cz, and C5 region. Measurement of waveforms collected during surgery adopted the same criteria as for the pre-operative waveforms ( Figure 2B ).
MRI
MRI of the hindbrain region was performed in each subject. The same MRI protocol was adopted as in our previous study. 7 In short, all the MRI images were assessed on the workstation. The best T1 hindbrain sagittal images showing the basion (B) and opisthion (O) were selected. 
Statistical Analysis

Somatosensory-Evoked Potential
Between-group amplitude and latency comparisons showed that P37 latencies on the right side were significantly prolonged between severe and normal control (35.7 AE 2.9 vs. 34.4 AE 2.9, P ¼ 0.03) ( Table 2 ). Increased inter-side P37 latency differences (left-right) were observed between severe and moderate (1.9 AE 2.7 vs. 0.4 AE 1.5, P < 0.01), and between severe and normal controls (1.9 AE 2.7 vs. 0.4 AE 1.2, P < 0.05).
The specific location of neurophysiological dysfunction was identified and represented by the incidence of abnormal SEP at different signal picking-up sites along the somatosensory nerve root pathway. In this cohort, no SEP abnormality was detected between tibialis anterior and popliteal fossa. Abnormal SEP was detected between tibialis anterior and cervical region (C5 region) in 15% of patients. All patients were found to have abnormal SEP at region between cervical (C5) and cortical regions (Cz/Fpz), of which 58% had associated cerebellar tonsillar ectopia.
Tonsillar Level for Moderate, Severe Patients, and Normal Controls
Mean and SD of the perpendicular distance between tip of tonsil and BO line was À2.3 AE 3.2 mm in all AIS patients and À3.9 AE 2.9 mm in normal control. The categorized results are summarized in Table 3 . There was no incidence (0%) of 
DISCUSSION
This is the first study comparing the SEP results in AIS patients of different curve severity with matched normal controls. SEP recordings showed abnormal subcortical SEP above tibialis anterior in 15% of severe AIS subjects, while all detected SEP abnormalities occurred superior to C5 level. MRI measurements showed that 27.3% of severe patients had cerebellar tonsillar ectopia in contrast to 5.8% and 6.7% in the mild and moderate groups, respectively, while 0% in normal controls. Significant prolonged latency on the right side and right-left latency difference were observed between severe and moderate AIS with major right thoracic curves, as well as between severe AIS and normal controls. The severity of delayed latencies was also found to correlate positively with the curve severity. In the current study, cerebellar tonsillar ectopia was found in all severe AIS-requiring posterior spinal surgery that had SEP signal disturbance above C5 level. The observation is in agreement with our previous studies, of which the tip of cerebellar tonsil was found lying below the adolescent reference BO line in 17.9% of severe AIS patients. 8 A study from Sweden provided further support on the higher incidence (3 times more common) of cerebellar tonsillar ectopia in scoliotic patients than controls, 2 and a study from our Nanjing AIS research group in China also confirmed a subgroup of AIS patients with tonsillar ectopia and abnormal SEP. 24 With recent advanced computational analysis technique, our group has also demonstrated abnormal changes in other structures within the central nervous system in AIS in a number of MRI-related studies. [25] [26] [27] These included morphologic changes in the brain and the spinal cord. The morphological changes in the cord, including altered shape and position of the cord at the scoliotic apex, shorter spinal cord length relative to the lengthened vertebral column, and increased incidence of low-lying cerebellar tonsils, lead to the hypothesis of spinal cord tethering in AIS. 18,28 -30 Recently, we also reported evidence of disturbed white matter integrity within the medulla oblongata and upper cervical cord from level C1/2 to C4/ 5 by using the diffusion tensor imaging (DTI) technique in MRI. The findings of the current cohort indicate that the neuro-signaling abnormality detected by SEP also occurred above C5 level in the spinal cord. This provides further neurophysiological support to our previous finding on imaging. 20 Reports on the pre-operative SEP assessment on AIS patients with different severity were scarce. The results from 1 of the 2 reported studies with pre-operative electrophysiological and radiological evaluation in 100 adolescent patients admitted for surgery showed that SEP latency increased in 56% of the patients, and 3% of whom was found to have intraspinal abnormalities. 4 Another pre-operative SEP assessment study carried out by the same group recruited 61 juvenile and adolescent patients (mean age ¼ 20.4 yrs) undergoing spinal instrumentations with 20 healthy adults controls (mean age ¼ 31.0 yrs). 31 Prolonged latencies were found in 61% of patients after corrected for body height, compared with none in healthy controls. 31 We believe that the current study is the first one providing comprehensive SEP data on mild, moderate, and severe AIS. The significantly prolonged SEP latencies in severe AIS group compared with milder groups and normal controls provided strong evidence of subclinical neurophysiological dysfunction in this subgroup of AIS despite absence of obvious clinical signs. This is in line with the result of our previous study on relative shortening and tethering of spinal cord in AIS in which abnormal SEP was found in 43% of severe patients, 14% in mild groups, and none in normal controls. 18 The above observation might indicate a possible link of underlying subclinical neurophysiological dysfunction and subtle morphological abnormality of the cerebellar tonsillar level with curve progression in AIS.
SEP inter-side difference in latencies in AIS has been reported, but mostly on within-group comparisons, or between AIS as a whole group and controls. Our previous study on balance control in AIS with disturbed somatosensory function showed definitive inter-side difference in latencies of SEP in AIS (0.5 AE 2.5 ms), and significantly delayed in AIS than controls (P ¼ 0.049).
14 Certain dynamic gait functions were found to be higher at the side of spinal convexity (right side; subjects with major right thoracic curve recruited for this study) than on the contralateral side in AIS patients with abnormal SEP. 13 Significant inter-side latency differences within the preoperative patients (1.58 AE 1.28 ms, P < 0.01) were found in another European study. 31 A recent study drawing the relationship among the side of cerebellar tonsillar ectopia, side of syrinx, and curve direction on single thoracic scoliosis showed the side deviations of tonsil tip herniation and syrinx location favored the convexity of the spinal curve. 32 The present study has included statistical analysis on between-group comparisons among stratified AIS patient groups (mild, moderate, and severe), and confirm the predominant prolonged SEP latency on right side in patients with severe major right thoracic curve. The above asymmetry in SEP might be related to the overall body asymmetry in AIS patients.
The findings of the current study also provide neurophysiological functional proof to further consolidate our previous observation about the relative tethering of spinal cord and relative spinal overgrowth in AIS, and the increased incidence of low-lying cerebellar tonsils, 29 impaired postural balance and gait, 13, 14, [33] [34] [35] [36] [37] and the DTI evidence of decreased White Matter integrity within the brain stem and spinal cord in AIS. 20 Our finding might shed light on the pathoanatomical origin of abnormal SEP in AIS patients, particularly in patients with Cobb angle over 40 degrees. 18 
Limitations
The small number of subjects in each group may not have wider implications and applications. Moreover, we found that 27.3% of severe patients had cerebellar tonsillar ectopia. On the other side, cerebellar tonsillar ectopia and/or associated SEP abnormality might not have been detected. Although this does not automatically disregard the association, the findings might possibly be an association, or at least a coincidence. A long-term follow-up of a cohort of AIS patients and normal controls will highly be recommended to provide further evidence on causation and/or etiology of neurophysiological origin of AIS.
CONCLUSION
Severe AIS with major right thoracic curve and Cobb angle of over 40 degrees showed significant prolonged SEP latency on the right side. The location of SEP abnormality was superior to C5 level. About 27.3% of patients had associated cerebellar tonsillar ectopia. The findings support presence of a subgroup of progressive AIS with subclinical neurophysiological dysfunction linked to underlying neuromorphological abnormalities.
Key Points
SEP abnormality was definitely present in a subgroup of AIS patients, with strong association with cerebellar tonsillar ectopia, abnormal postural balance, and gait. The neurophysiological origin in different AIS severities and neurological proof on the site of abnormality has not yet been established. Severe AIS with Cobb angle of over 40 degrees and major right thoracic curve showed significant prolonged P37 latency on the right side, and increased inter-side P37 latency difference. The site of abnormality was at the spinal level superior to C5. For patients with abnormal SEP, 27.3% of severe curve group had cerebellar tonsillar ectopia, while none was detected in normal controls Neurophysiological proof in terms of SEP on the site of abnormality was established. The findings support the presence of a subgroup of progressive AIS with subclinical neurophysiological dysfunction associated with underlying neuromorphological abnormalities.
